1. Introduction {#sec0005}
===============

The environmental pollutants like polycyclic aromatic hydrocarbons (PAHs) generated from the incomplete combustion of fossil fuels are found in ambient air, food, water and sediments \[[@bib0005]\]. Benzo\[a\]pyrene, (B\[a\]P) has been classified as prototype of PAHs and the most studied member of PAHs having high molecular weight \[[@bib0010]\]. The lipophilic property of B\[a\]P enable this compound to easily cross the BBB and placenta during pregnancy and directly access the central nervous system \[[@bib0015]\]. Previous studies advocated the susceptibility of neonates to chronic PAHs exposure which might be due to postnatal developmental immaturity leading to slower clearance of the toxicants from the body \[[@bib0020]\]. B\[a\]P is a potent neurotoxicant with high affinity for lipid-rich tissues such as brain, it enters into the brain tissues and enhances the generation of reactive oxygen species (ROS), resulting significant changes in mood behaviour \[[@bib0025]\]. Moreover, when exposed to high levels, B\[a\]P affects thyroid function in fish \[[@bib0030]\] and its metabolites tend to accumulate both in the blood and brain \[[@bib0035]\], thus causing neurological impairments \[[@bib0040]\]. Early exposure to PAHs may adversely affect children's IQ, cognitive development and increased behavioral problems \[[@bib0040], [@bib0045], [@bib0050], [@bib0055]\]. Blood levels of PAHs in children are correlated with oxidative stress and altered antioxidant status, during metabolism \[[@bib0060], [@bib0065], [@bib0070], [@bib0075]\]. PAHs were also detected in smoked fish with high concentration of B\[a\]P inducing serious health effects in humans \[[@bib0080],[@bib0085]\], but the cellular mechanism of action is not clear. Due to rapid biotransformation only minimal levels of unmetabolized B\[a\]P could be detected.

Exposure to B\[a\]P is associated with many adverse biological effects due to oxidative stress, that may disrupt oxidant-antioxidant balance within the brain affecting antioxidant enzyme function \[[@bib0090]\]. Antioxidant enzymes play a central role in cell homeostasis by maintaining the cellular antioxidant status \[[@bib0095],[@bib0100]\]. This phenomenon sometimes leads to depletion in glutathione antioxidant system and increases in production of ROS causing oxidative stress \[[@bib0105],[@bib0110]\], whereas the biological basis for B\[a\]P-induced neurobehavioral toxicity is as yet unclear. Some previous studies in cell line models have proposed that B\[a\]P neurotoxic effects are due to the severe levels of oxidative stress \[[@bib0115]\]. During cellular metabolism B\[a\]P can undergo intracellular biotransformation to reactive intermediates due to metabolic activation to diol-epoxides by cytochrome P450 (CYP) enzymes leading to production of ROS \[[@bib0120]\]. These studies suggest a possible mechanism by which B\[a\]P could affect neuronal behavior of adult rats through cellular oxidative stress and disturbance in the balance between ROS and antioxidants production \[[@bib0125]\]. However, previous studies mostly focuses on the effects of prenatal stress in adulthood and relatively little is known about the early adolescence exposure, during a critical phase of neonatal brain development.

Antioxidant enzymes play a major role in eliminating the active oxygen to protect the cells against adverse effects of environmental toxic radicals \[[@bib0130]\], notably glutathione system by reacting with the free radicals \[[@bib0135]\]. Induction of the antioxidant enzymes can be considered as a self-defence process of organisms to adapt the adverse environment and to reduce toxicity \[[@bib0130],[@bib0135]\]. B\[a\]P is known to enhance the production of ROS (H~2~O~2~ and OH^+^) initiate reactions with cellular biomolecules like DNA \[[@bib0140]\] and the enzymatic glutathione system plays vital role in detoxification of this compound through disposal of peroxides by brain cells \[[@bib0140], [@bib0145], [@bib0150]\]. The enzyme glutathione-S-transferase (GST) plays a major role in the detoxification of many environmental chemicals by catalyzing the conjugation of glutathione (GSH) to electrophilic compounds (e.g. epoxides of B\[a\]P), rendering them less reactive and more water-soluble \[[@bib0155]\]. Mostly, glutathione exists in the reduced (GSH) as well as oxidized (GSSG) forms, which can be interconvert by glutathione peroxidase (GPx) and glutathione reductase (GR) respectively. Glutathione dependent enzymes such as GPx, GR can scavenge the free radicals thus neutralizing ROS, and maintaining redox balance \[[@bib0155],[@bib0160]\]. The cycling between GSH and GSSG serves to remove ROS for protection of cells though protecting the cells from oxidative stress \[[@bib0165],[@bib0170]\]. Therefore, the antioxidant enzymes and antioxidant molecules are believe to play major role in the prevention of oxidative stress and enhance the survival of neurons in brain through the activation of GSH system and other antioxidant enzymes \[[@bib0175]\]. Many studies provide a causal link between the prenatal B\[a\]P exposure and neurodegeneration involving production of free radicals contributing to behavioural deficits by altering antioxidant defence system in adult rats \[[@bib0180],[@bib0185]\]. But the molecular mechanisms underlying B\[a\]P-induced oxidative stress causing spine loss and dendritic retraction in adult during adolescence in the hippocampus are not well understood.

Identifying measures of brain function during adolescence is critical, particularly in relation to stress, because majority of human adolescents reported mood disturbances and anxiety \[[@bib0190]\]. It is also a time period during which hormonal changes and alterations in lifestyle can affect neuronal proliferation and survival within the *dentate gurus* \[[@bib0195]\]. In human, the formation of neuronal networks and synaptic connections occurs during early adolescent period and environmental exposure to B\[a\]P may alter spine density, number of granule cells and overall volume of the hippocampal layers \[[@bib0200]\]. Dendritic complexity is an integral index which depends on the sum of terminal orders, number of ends, total dendritic length and number of primary dendrites and is a marker directly related to the functional complexity and connectivity of neurons \[[@bib0205]\]. Changes in their density and morphology are indicative of cellular processes like excessive activation of receptors \[[@bib0210],[@bib0215]\] related to and have been in various neuropsychiatric disorders \[[@bib0220],[@bib0225]\].

Communication between neurons primarily takes place at synapses and there are several dynamic processes to control the morphology, number and strength of brain synapses \[[@bib0230]\]. Therefore, understanding the dynamics of the dendritic spine growth and elimination can provide key insights to the mechanisms of structural plasticity. In addition to learning and memory formation, the connectivity of neural networks also affects cognition, perception, and behavior \[[@bib0235]\]. There are well known differences in the learning ability and the memory performance between young children and adults \[[@bib0240]\]. Earlier studies have mainly focuses on the adult behavior with the role of neurogenesis in hippocampus showing alteration in cognitive function after exposure to environmental stress \[[@bib0230],[@bib0245]\], but it is also important to consider the effect across the lifespan to know the differential effects. Therefore, in the present study we have focused on the impact of early adolescence B\[a\]P exposure that could affect hippocampal neuronal morphology like dendritic spine density due to oxidative stress and antioxidant defence system altering the cognitive function of adult male wistar rats.

2. Materials and methods {#sec0010}
========================

2.1. Ethics statement {#sec0015}
---------------------

Male Wistar rat (*Rattus norvegicus*) pups at postnatal day 21 (PND21) were obtained from the animal house of Ravenshaw University, Cuttack. The experiments were carried out according to Ravenshaw University ethical guidelines for the care and use of laboratory animals. The experiments were approved by the Institutional Animal Ethics Committee (Regd. No.1927/Go/Re/S/16/CPCSEA).

2.2. Chemicals and reagents {#sec0020}
---------------------------

The chemicals used in this experimentation such as B\[a\]P were purchased from Sigma-Aldrich Chemicals Co., St. Louis, MO, USA,. Other chemicals unless otherwise mentioned like dimethylsulfoxide (DMSO) and paraformaldehyde, etc. were purchased from Sisco Research Laboratories (SRL, India).

2.3. Experimental animals and treatment {#sec0025}
---------------------------------------

The male Wistar rat pups (weight of 55 g--65 g) weaned on PND21 were obtained from animal house of Ravenshaw University and acclimated to laboratory conditions for 7 days under standard condition at a controlled temperature 22 °C (**±**3 °C), 60% humidity and 12 h light/12 h dark cycle in home cages with free access to tap water and standard diet *ad libitum*. We performed fourteen day consecutive B\[a\]P administration (i.p.) to adolescence rats between PND30-45. Rats were randomly divided into four experimental groups (n = 6 in each group); Naïve (without any treatment), control (vehicle treated) received 10 μl of DMSO (\<0.1%) and two different B\[a\]P treated groups; 1μM (higher) and 0.1μM (lower) doses B\[a\]P suspended in 10 μl of DMSO.

Before B\[a\]P administration (i.p.) rats were anesthetized with mild ether to ensure unwanted side effects. The behavioural tests were performed from PND45 to PND60 under close observation and left undisturbed until early adulthood. The 24 h time interval between B\[a\]P treatment and the start of the behavioural tests (PND 45-60) was given in the time line of experiments (Supplementary Fig. 1). All animal handling procedures with respect to food and water supply, cage material changes and B\[a\]P administration were performed in the time window of light cycle (10:00 to 11:30 a.m.) to avoid experimental deviations due to diurnal cycle and behavioural tests were conducted between 9.00 a.m. and 1.00 p.m. in standard conditions \[[@bib0240]\].The animals were sacrificed after completion of behavioural test (PND60) and brain sections of hippocampal region were snap frozen, washed in normal saline and stored at -80 °C for biochemical analysis.

2.4. Behavioural analysis {#sec0030}
-------------------------

### 2.4.1. Light and Dark Preference Test (LDPT) {#sec0035}

Light and Dark box test is a method to test the anxiolytic like behaviour of rats. In Light and Dark box, the time spent in the light chamber was assessed between PND 45-60 for anxiolytic like activity with slight modifications of our previous study \[[@bib0100]\]. The light and dark box is made of glass (32 × 40 × 30) and divided into two equal compartments i.e. light and dark chamber by a partition. The one side of the box is coloured black and covered from the top so that no light could entered into it, whereas, the other part is transparent and exposed to bright light. There is an opening within the box at the base for the exploratory behaviour. During the test session the rat was placed in the light zone and allowed to move between both the compartments inside the apparatus placed on the floor of the experimental room and a camera was mounted above the apparatus to record the total time spent in light and dark section with transition between two sections during 5 min test session (ANY maze video tracking System). The rat then was taken out of the box and then the box was swipe with 70% ethanol to avoid experimental error.

### 2.4.2. T-maze test {#sec0040}

T-maze test especially used in rodent models for nervous system disorders was performed according to the protocol of previous studies \[[@bib0245],[@bib0250]\] with some modifications. This behavioral test is based on the exploratory behavior of rodents to a new environment, i.e. they prefer to visit a new arm of the maze rather than a familiar arm. The T-maze is made up of acrylic material with two arms left arm and right arm. Two arms of the maze are (50 cm long, 10 cm in width, with walls of 25 cm height) and the starting arm is (70 cm) separated by an acrylic partition. The maze was placed on a table with a height of 80 cm. The start arm was (20 cm in length) separated from the maze by an acrylic partition.

On Day 1 of the training each rat was placed in the centre of the T-maze and was free to explore the each arm to habituate the rats to the T-maze. On training Day 2 and Day 3, food pellets were placed as a reward in left arm of the maze and rats were placed on the start arm and then allowed to explore through the maze for 5 min test session and the number of arm entries and the number of triads were recorded (ANY maze video tracking System) to calculate the percentage of spontaneous alternation. On Day 4 and Day 5, the actual test was conducted at with food deprivations and adult rats at PND 45-60 were placed on the start arm allowed to explore the maze for 5 min test session. The number of turns in each goal arm with the percentage of spontaneous alterations, total time spent in each arm with trial duration of the rat was recorded and calculated as spontaneous alternation/(total number of arm entries-2) x100. Between each consecutive test the maze was cleaned thoroughly with a 70% ethanol solution and dried between animals.

### 2.4.3. Sucrose Preference Test {#sec0045}

The sensitivity to reward was assessed by a sucrose preference test according to Forbes et al \[[@bib0255]\] to check depressive like mood behaviour in rats. Rats are born with an interest for sweet food and water, any deviation from the normal physiological behaviour indicates altered behavioural response. Here, reduced preference for sweet solution in sucrose preference test was a putative indicator of anhedonia in rats. Anhedonia is the decreased ability to experience pleasure and depressive mood behaviour. The adult male rats between PND 45-60 kept in starvation for food and water for 24 h before the start of experiment was brought to the testing room approximately 30 min before the test. Then fresh water and 1% sucrose solution was poured in separate feeding bottles and rats were allowed to feed. After 8 hs duration the volume of the liquid consumed per bottle was noted. Again the same procedure continued by altering the position of the bottle till 6 consecutive readings were taken for 4 days. Weight of the bottle and volume of the liquid consumed per bottle was even noted. Preference for sucrose was calculated in ml sucrose solution consumed/total ml of sucrose solution respectively.

2.5. Biochemical analysis {#sec0050}
-------------------------

The total protein content was calculated according to Lowry et al \[[@bib0260]\] using the bovine serum albumin as standard. The homogenate of hippocampus, 10% (w/v) was prepared in ice cold homogenizing buffer (Phosphate Buffer, 50 mM, pH 7.4) for assay of antioxidant glutathione biosynthesis system (GST, GR, GPx, GSH, GSSG and OSI) according to our previous study by Patel et al \[[@bib0100]\] and for redox potential of GSH/GSSG the protocol of Jones DP \[[@bib0265],[@bib0270]\]. For these experimental assays samples of hippocampus of brain was passed in sephadex G-25 column before estimation of protein.

### 2.5.1. Glutathione S-transferase assay (GST) {#sec0055}

The enzyme (GST) was measured by procedure described previously \[[@bib0265]\]. GST in tissue sample was quantified by monitoring conjugation reaction of GSH and a broad spectrum substrate of GST called as 1-chloro-2,4-dinitro benzene (CDNB), observing increase in absorbance at 340 nm by UV-VIS double beam spectrophotometer (Systronics, India). The enzyme activity was calculated using molar extinction coefficient for CDNB (9.6 × 103M-1cm-1) and expressed as nmol CDNB conjugated formed/min/mg protein.

### 2.5.2. Glutathione Reductase Assay (GR) {#sec0060}

The enzyme glutathione reductase catalyse the reduction of oxidized glutathione (GSSG) into its reduced form i.e., GSH \[[@bib0270]\]. This chemical reaction was simultaneously accompanied by oxidation of NADPH to NADP + . The enzyme activity of tissue sample was assayed by decrease in absorbance of the reaction mixture at 340 nm (UV-VIS double beam spectrophotometer, Systronics, India) as NADPH is progressively converted to NADP + . The enzyme activity was calculated using molar extinction coefficient (6.22 × 103M-1cm-1) and expressed as nmol NADPH oxidized/min/mg protein.

### 2.5.3. Glutathione Peroxidase Assay (GPx) {#sec0065}

The GPx enzyme was assayed as per the protocol previously suggested with certain modifications \[[@bib0270],[@bib0275]\]. GPx enzyme catalyses detoxification of hydrogen peroxide and other organic peroxides by oxidising reduced glutathione (GSH). Total GPx activity was measured using cumene-hydro peroxide as substrate whereas selenium-dependent GPx (Se-D GPx) was determined using *tert*-butylhydroperoxide as substrate at 340 nm by UV-VIS double beam spectrophotometer (Systronics, India). The activity of Se-independent GPx (Se-I GPx) was calculated by subtracting activity of Se-D GPx from that of total GPx. The enzyme activity was also calculated using molar extinction coefficient for NADPH (6.22 × 103M-1cm-1) and expressed as nmol NADPH oxidized/min/mg protein.

### 2.5.4. Estimation of glutathione content (GSH, GSSG, Total glutathione) {#sec0070}

The total glutathione assayed was carried out as per our previous protocol with certain modifications \[[@bib0100],[@bib0265]\]. The content of intracellular GSH was detected by the enzymatic recycling method. In short the Sephadex G-25 column passed supernatant sample was taken. Samples (0.2 ml) were first treated with equal volume of TCA/HCL solution (final concentration 5% /0.001 N). The samples were first centrifuged at 1000 *g* for 15 min; pellets were discarded, precipitated proteins and supernatants samples were used for the assay. The reaction rate and the standard curves prepared earlier were used to calculate concentrations of GSSG and redox ratio is determined by the calculating the ratio of GSH to GSSG. First the total Glutathione content was calculated by taking 1.4 ml NADPH in pipette into the quartz cuvette with 0.2 ml DTNB suitably added to the 0.1 ml diluted supernatant sample to the quartz cuvette and mixed thoroughly. A mixture of potassium phosphate buffer along with EDTA of 0.28 ml was added simultaneously. GR 20 μl was then suitably added to the cuvette and mixed gently to start the reaction. Increase in absorbance was recorded at 412 nm every 1 min interval of 6 min in a UV-VIS spectrophotometer.

2.6. Histopathological study by Golgi-cox staining {#sec0075}
--------------------------------------------------

The Golgi-Cox solution contained 5 parts of 5% potassium dichromate, 5 parts of 5% mercuric chloride, 4 parts of 5% potassium chromate in 10 parts of double distilled water were freshly prepared and the rat brains were removed and placed in a brain slicer (WPI, USA) for 5 mm thick coronal sections. Then blocks of brain sections containing the antero-posterior extension of hippocampus were taken out from each rat brain. The freshly prepared Golgi-Cox stain was kept at 37 °C for 72 h and each brain tissue block was placed in separate cotton-lined dark colored glass bottle containing 25--30 ml solution and slides were prepared as reported earlier \[[@bib0280]\]. In brief, coronal sections through hippocampus (200 μm thick) were cut using a cryostat (Leica CM3050 S, Germany). The brain sections were first rinsed and then dehydrated with 50% ethanol and then transferred into ammonia solution (3:1, 25% ammonia: distilled water) for staining. After stained sections were rinsed and treated with 5% sodium thiosulfate in dark and it was again rinsed in distilled water. Then the sections were dehydrated through increasing grades of alcohol (70, 80, 95% of ethanol and 99% of 1-butanol), cleared in toluene, and mounted in DPX on gelatine-coated slides. The slides were allowed to dry for 72 h at room temperature and observed under microscope (Olympus, BX43 F, Japan) with CCD camera attached at low and high magnifications. Spine density of the CA1 apical proximal dendrites and basal dendrites was calculated as the average number of spines per micrometer of dendritic length. The neuronal dendrite and spine measurement was carried out by using ImageJ software (NIH, Bethesda, MD, USA).

2.7. Statistical analysis {#sec0080}
-------------------------

The data were expressed as the means ± standard error of mean (SEM) of five independent experimental groups (n = 6). All data observed from the number of replicates for each experiment was three and each set contain four experimental groups, i.e., naive, vehicle control (DMSO \< 0.1%), higher (1μM/10 μl) and lower (0.1μM/10 μl) doses of B\[a\]P. The statistical analysis for behavioral studies in all experimental groups was carried out by using one-way ANOVA and post hoc analysis was done by the Newman-Keuls test (Sigma Stat software, Jandel Scientific USA). In all groups the difference below the probability level p \< 0.05 was also considered statistically significant.

3. Results {#sec0085}
==========

3.1. Behavioural test {#sec0090}
---------------------

### 3.1.1. B\[a\]P exposure induced an anxiolytic like behaviour in adult rats {#sec0095}

The ANOVAs on the B\[a\]P higher dose administered groups revealed main effects in light and dark box test with significant increase in the time spent in light phase (F3,20 = 59.82, p \< 0.05). The time spent in the dark zone (F3,20 = 33.46, p \< 0.05) were also observed in higher dose of B\[a\]P treated groups showing decrease time duration as compared to naive and vehicle control groups \[[Fig. 1](#fig0005){ref-type="fig"}: (b)\]. Similarly, transfer latency to light (F3,20 = 21.59, p \< 0.05) significantly decreased in higher dose of B\[a\]P treated groups (1μM/10 μl DMSO) as compared to naïve and vehicle control (DMSO) groups in LDPT \[[Fig. 1](#fig0005){ref-type="fig"}: (a)--(c)\].Fig. 1Behavioural studies: Effects of early adolescence intraperitoneal (i.p.) administration of B\[a\]P on adult wistar rats behavior.(a) Time spent in the light zone (sec), (b) Time spent in the dark zone (sec), (c) Latency to enter into light phase in LDPT (d) Time spent in left arm (sec) and (e) Time for the spontaneous alteration (sec) in T-maze test (f) Consumption of sucrose solution (ml/8 h) in sucrose preference test in naive, control (DMSO), B\[a\]P treated groups (0.1 μM/10 μl) and B\[a\]P (1 μM/10 μl). Values are expressed as mean ± SEM, n = 6. 'a' denotes p \< 0.05 when compared to naïve group, 'b' denotes p \< 0.05 when compared to control (DMSO) group and 'c' denotes p \< 0.05 when compared to B\[a\]P (0.1 ⁎μM).Fig. 1

### 3.1.2. B\[a\]P impaired learning and memory in adult rats {#sec0100}

The T-maze test was used to assess the effects of B\[a\]P on the learning and memory of these two groups of B\[a\]P treated rats. The statistical analysis showed significant decrease in the time spent in left arm (F3, 20 = 5690, p \< 0.05), with significant increase in the time for spontaneous exploration performance (F3,20 = 6725, p \< 0.05) in higher dose of B\[a\]P treated groups (1μM/10 μl DMSO) as compared to naive and vehicle control (DMSO) groups \[[Fig. 1](#fig0005){ref-type="fig"}: (d) and (e)\], implicating that exposure to the higher doses of B\[a\]P impaired learning and memory in adult rats.

### 3.1.3. B\[a\]P-indued depression-like behavior {#sec0105}

Sensitivity to reward can be assessed by a simple sucrose preference test in which animals have access to water without and with different concentrations of sucrose, and the preference rate is then analyzed. The sucrose preference test showed decrease in preference for sucrose solution (F3,20 = 101.2, p \< 0.05) in higher dose of B\[a\]P treated groups (1μM/10 μl DMSO) as compared to naive and vehicle control (DMSO) groups However, the lower dose of B\[a\]P treatment to healthy adolescence rats had no effect on the preference for sucrose solution in sucrose preference test in early adult male rats. \[[Fig. 1](#fig0005){ref-type="fig"} : (f)\].

3.2. Estimation of total protein content {#sec0110}
----------------------------------------

Brain lysates were prepared from the brain tissue in ice cold homogenizing buffer (Phosphate Buffer, 50 mM, pH 7.4) and the total protein content was estimated by Lowry et al \[[@bib0245]\]. The result showed significant reduction (F3, 20 = 323.9, p \< 0.05) in the protein content in hippocampus of adult rats in the subsequent higher and lower doses of B\[a\]P treated male wistar rat groups as compared to naive and vehicle control (DMSO) groups ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Protein content in hippocampus: The representative graph indicates significantly reduced protein content in the hippocampus of adult Wistar rats in the B\[a\]P treated groups after administration (i.p.) at PND30-45 rats as compared to naive and control groups.Fig. 2

3.3. Antioxidant activity {#sec0115}
-------------------------

### 3.3.1. Glutathione-S-Transferase (GST) activity {#sec0120}

Administration (i.p.) of B\[a\]P during early adolescences period showed significant increase in Glutathione-S-Transferase (GST) activity (F3,20 = 47.88, p \< 0.05) during early adulthood in both the higher and loer dose of B\[a\]P treated groups as compared to naive and control (DMSO) groups \[[Fig. 3](#fig0015){ref-type="fig"}: (a)\].Fig. 3Antioxidant enzymatic activity : Effects of early adolescence intraperitoneal administration of B\[a\]P to Wistar rats on Glutathione system (a) Glutathione-S-Transferase (GST) in nmol CDNB conjugate formed/min/mg protein, (b) Glutathione Reductase (GR), and (c) Glutathione peroxidase (GP~X~) in nmol NADPH oxidised/min/mg protein in Hippocampus of adult Wistar rats in naive, control (DMSO), B\[a\]P treated groups (0.1 μM/10 μl) and B\[a\]P (1 μM/10 μl).Values are expressed as mean ± SEM, n = 6. 'a' denotes p \< 0.05 when compared to naïve group, 'b' denotes p \< 0.05 when compared to control (DMSO) group and 'c' denotes p \< 0.05 when compared to B\[a\]P (0.1 ⁎μM).Fig. 3

### 3.3.2. Glutathione Reductase (GR) activity {#sec0125}

Early B\[a\]P administration (i.p.) to adolescence rats showed significant decrease in Glutathione Reductase (GR) activity (F3,20 = 99.42, p \< 0.05) in early adulthood of male rats in the higher as well as lower dose of B\[a\]P treatment as compared to naive and vehicle control (DMSO) groups \[[Fig. 3](#fig0015){ref-type="fig"}: (b)\].

### 3.3.3. Glutathione Peroxidase (GPX) activity {#sec0130}

Administration (i.p.) of B\[a\]P during adolescences showed significant decrease in Glutathione Reductase (GR) activity (F3,20 = 31.43, p \< 0.05) in early adult male wistar rats in the higher and lower dose of B\[a\]P treated groups as compared to naive and vehicle control (DMSO) groups \[[Fig. 3](#fig0015){ref-type="fig"}: (c)\].

### 3.3.4. Estimation of glutathione (GSH, GSSG, redox ratio and oxidative stress index) {#sec0135}

The GSH enzyme activity (F3,20 = 58.44, p \< 0.05) and redox ratio (GSH/GSSG) (F3,20 = 24.98, p \< 0.05) were decreased significantly in the higher dose of B\[a\]P treated group as compared to naive and vehicle control (DMSO) groups \[[Fig.4](#fig0020){ref-type="fig"} (a) and (c)\]. But, the oxidized glutathione (GSSG) (F3,20 = 23.80, p \< 0.05) and oxidative stress index (OSI) (F3,20 = 4204, p \< 0.05) increased significantly in the higher dose of B\[a\]P treated group as compared to naive and vehicle control (DMSO) groups \[[Fig. 4](#fig0020){ref-type="fig"} (b) and (d)\].Fig. 4Concentration of Glutathione: Effects of early adolescence intraperitoneal (i.p.) administration of B\[a\]P to Wistar rats on total glutathione level (a) Concentration of reduced glutathione (GSH) in μmol/gm tissue, (b) Concentration of oxidised glutathione (GSSG) in μmol/gm tissue, (c) Redox ratio (GSH/GSSG), (d) Oxidative stress index (OSI) in Hippocampus of adult wistar rats in naive, control (DMSO), B\[a\]P treated groups (0.1 μM/10 μl) and B\[a\]P (1 μM/10 μl).Values are expressed as mean ± SEM, n = 6. 'a' denotes p \< 0.05 when compared to naïve group, 'b' denotes p \< 0.05 when compared to control (DMSO) group and 'c' denotes p \< 0.05 when compared to B\[a\]P (0.1 ⁎μM).Fig. 4

3.4. Histopathological study by Golgi-cox staining {#sec0140}
--------------------------------------------------

Representative images of Golgi-Cox staining sections showing dendritic length and dendritic spine density of rat hippocampus during adult stage at PND60; naive \[[Fig. 5](#fig0025){ref-type="fig"}:(a)\], control \[[Fig. 5](#fig0025){ref-type="fig"}:(b)\], lower dose of B\[a\]P (0.1μM) \[[Fig. 5](#fig0025){ref-type="fig"}: (c)\] and higher dose of B\[a\]P (1μM) \[[Fig. 5](#fig0025){ref-type="fig"}: (d)\] after B\[a\]P administration (i.p.) to Wistar rats in early adolescences observed at 200x (Scale bar = 40 μm) and 400× magnifications (Scale bar =20 μm). Histogram showed change in total spine density (18%) and reduction in dendritic length (28%) of hippocampal neurons in Golgi-Cox stained brain sections (p \< 0.05) in higher doses of B\[a\]P treated groups, as well as the lower doses of B\[a\]P with reduction in spine length and density as compared to naive and vehicle control groups \[[Fig. 5](#fig0025){ref-type="fig"}(d) and (e)\]. The percentage change in dendritic length, spine number, density and nodes were also measured on the secondary branches of apical and basal dendrites of pyramidal neurons located in the CA1 subfield of the dorsal hippocampus (Supplementary Fig. 2). Number of fields examined = 30; with 3 independent experiments.Fig. 5Effects of early adolescence intraperitoneal administration (i.p.) of B\[a\]P and measurement of dendrite morphology and spine density in adult wistar rats using Golgi-cox staining. Representative images of Golgi-Cox staining sections of adult rat hippocampus in naïve \[[Fig. 5](#fig0025){ref-type="fig"}:(a)\], control (DMSO) \[[Fig. 5](#fig0025){ref-type="fig"}:(b)\] and two different dose levels, B\[a\]P (0.1 ⁎μM) \[[Fig. 5](#fig0025){ref-type="fig"}:(c)\] and B\[a\]P (1μM) \[[Fig. 5](#fig0025){ref-type="fig"}:(d)\] of adult after intraperitoneal administration (i.p.) to early adolescence male wistar rats with (Scale bar = 100 μm) at 20x magnifications and (Scale bar =20 μm) at 40x magnifications ([Fig.5](#fig0025){ref-type="fig"} a).Histogram representing alteration of spine length, spine number, density \[[Fig. 5](#fig0025){ref-type="fig"}: (e)\] and dendrite nodes of neurons in hippocampus of two different dose levels of B\[a\]P treated groups \[[Fig. 5](#fig0025){ref-type="fig"}:(f)\]; (0.1 μM/10 μl) and B\[a\]P (1 μM/10 μl) as compared to naïve and control (DMSO) groups. Values are expressed as mean ± SEM, n = 6. 'a' denotes p \< 0.05 when compared to naïve group, 'b' denotes p \< 0.05 when compared to control (DMSO) group and 'c' denotes p \< 0.05; when compared to B\[a\]P (0.1 ⁎μM).Fig. 5

4. Discussion {#sec0145}
=============

In the present study, we evaluated B\[a\]P-induced oxidative stress during early adolescence on dendritic spine growth and neurobehavior development in adult male wistar rats following several typical neurobehavior including exploration and anxiety activities, learning and memory and depressive-like behavior, with standardized tests. We observed that B\[a\]P administration during early adolescence impaired short-time memory and behavioral performance and induces anxiety and depressive-like behavior with both higher and lower doses of B\[a\]P in adult male rats. Earlier studies has shown that with an oral dose of 100 mg per Kg body weight, 40% of B\[a\]P is available in the brain \[[@bib0010],[@bib0015]\]. Moreover, cognitive deficits also have been reported in rats administered with 25 mg/kg body weight of 3-methylcholanthrene \[[@bib0025]\]. Therefore, to study the neurotoxic effect of B\[a\]P through i.p. administration, it is desirable to limit the dose to that of the environmental level (5--100 μg/kg). There are reports of high level of B\[a\]P exposure at industrial sites (200 mg/kg dry weight in contaminated sites) \[[@bib0285]\]. Workers in industrial areas exposed to 6--8 working hours per day for at least 4--6 months prior to blood analysis showed maximum 4--5 μg/B\[a\]P/m3 \[[@bib0290]\]. The highest environmental concentrations of B\[a\]P are found in soil samples and usually range from 0.8 ng kg-1 to 100 mg kg-1. B\[a\]P content in food stuffs and plants is between 0.1 and 150 μg kg-1, the air has a concentration of around 1.3 to 500 ng/m3 and drinking water generally contains 2.5 to 9 ng/L-1 \[[@bib0065]\].

The behavioral analysis after early B\[a\]P administration showed an anxiolytic-like traits having susceptibility to affective disorder and depressive symptoms with a significantly increased stay time in light and decreased latency to light phase in LDPT \[[@bib0240]\]. T-maze test showed significantly decrease time spent in left arm and increased exploratory behavior with time taken for spontaneous alteration indicative of altered learning and memory behavior in male adult rats. The results found in T- maze test suggested that lower doses of B\[a\]P exposure during early adolescence also showed learning disability as well as higher doses of B\[a\]P with impaired learning and memory functions at PND60. Reduced preference for sucrose solution in sucrose preference test showed a depressive-like behavior of adult rats at PND60. Previous studies have shown sub-chronic exposure of B\[a\]P also causes behavioral alteration of learning and memory in hippocampus of male rats \[[@bib0050], [@bib0055], [@bib0060]\]. Prenatal exposure to inhaled B\[a\]P causes deficits in learning and memory performance \[[@bib0175]\]. In a separate report of chronic B\[a\]P exposure found that a B\[a\]P dose of 6.25 mg/kg significantly impacted learning and memory \[[@bib0295]\].This study supports B\[a\]P-induced effects on the central nervous system of male rats are dose-dependent.

Cigarette smoking is a powerful risk factor for atherosclerotic cardiovascular disease and is associated with the increased incidence of stroke and coronary artery disease \[[@bib0020],[@bib0290]\]. Light/dark cycle is also an important factor in studying the anxiolytic like behavior in rats. Not many reports have evaluated the age-dependent expression of anxiety-related behavior and even fewer studies available regarding the influence of diurnal cycles. Our observation showed that rats treated with B\[a\]P affects behavioral performance in light cycle, in particular altering neuronal architecture that supported by previous studies \[[@bib0225], [@bib0230], [@bib0235]\]. To the best of our knowledge, no study has analyzed the relationships between B\[a\]P-induced anhedonia and other behavioral endpoints, which is also associated with the dendrite spine alterations in adult rats \[[@bib0250]\]. However, to our knowledge, this is the first report documenting the change in dendritic morphology and behavioral phenotypes of two different dose levels of B\[a\]P exposure during major developmental time points of male wistar rats. Males tended to be more vulnerable to the long-term effects of early life and adolescent stress \[[@bib0295]\]. Recent studies also showed subtle changes in anxiolytic like mood behaviour and cognitive functioning of adult wistar rats at PND60 following administration to B\[a\]P (i.p.) during adolescence as the findings supported by previous studies \[[@bib0055],[@bib0060],[@bib0235]\].

Cellular proteins are the targets of oxidation and our results clearly indicate that the brain tissue protein content significantly reduced in hippocampus showing suffered reactive-oxygen intermediate mediated damage induced by early exposure to B\[a\]P. In the present study B\[a\]P-induced oxidative stress and the antioxidant glutathione system reflects significant increase in GST activity and concentration of GSSG, whereas the concentration of GR, GPx and GSH were decreased significantly in subsequent higher doses at PND60. Earlier studies shown decreased GST activity after B\[a\]P exposure which supports our findings \[[@bib0095],[@bib0100],[@bib0275]\]. The intracellular GSH/GSSG ratio is highly regulated. However, an increase in ROS levels can decrease the cell's ability to convert GSSG to GSH. Under such conditions, GSSG accumulates in cells and there is a concomitant decrease of the GSH/GSSG ratio \[[@bib0270]\]. Thus, this ratio is a dynamic indicator of oxidative stress and imbalance in GSH/GSSG ratio in turn can affect intracellular GPx and GR activities \[[@bib0270],[@bib0275]\]. The glutathione level is regulated by the activity of glutathione metabolizing enzymes. The key functional element of glutathione is the cysteinyl moiety, which provides the reactive thiol group \[[@bib0300]\]. In the presence of GPx, GSH is oxidized to GSSG, which in turn is rapidly reduced back to GSH by GSSG reductase at the expense of NADPH \[[@bib0265],[@bib0300]\]. Saunders et al also found significant decrease in the concentration of both GSH and GPX activity showing more prone to oxidative stress that may lead to possible health effects in the B\[a\]P treated group as compared to control \[[@bib0090]\].

In the present study, the activity of the glutathione dependent enzyme, GR was found to be reduced significantly in hippocampus of experimental rats, administered with higher doses of B\[a\]P. The formation of sulfhydryl complex with SH groups of the GR might lead to a decrease in the activity of the enzyme \[[@bib0270]\]. Our data also showed early administration of B\[a\]P to male rats elevate GST activity. The elevated activity of GST may be an attempt by the tissues to counteract the increased peroxides or toxic electrofiles \[[@bib0305]\]. The activity of GPx was found to be decreased that indicates that GSH metabolizing pathway is disturbed in B\[a\]P-treated rats. It seems clear that B\[a\]P decreases intracellular GSH level not only by binding to its thiol group, but also by decreasing the activity of GR \[[@bib0265], [@bib0270], [@bib0275]\]. The present work indicates that disruption of the cellular glutathione system is a key element in the mechanism of B\[a\]P-induced oxidative stress in brain. However, the exact mechanisms underlying B\[a\]P-induced neurotoxic effects through altered neuronal morphology remain unknown. One possible explanation for the phenomenon behavioral alteration may be due to the hippocampal lesions with loss of dendritic spine density and length of hippocampus \[[@bib0310]\].

To address this aim, our present study focused on the hypothesis that early adolescence B\[a\]P exposure can affect many aspects of neuronal functions including dendritic spine morphology during a critical phase of neonatal brain development and to cause morphological abnormalities in adulthood. It is well known that the hippocampus plays an essential role in spatial learning and memory processes in animals. Early B\[a\]P exposure may promote the morphological alteration of dendritic spine dysgenesis and density, thus opening the possibility that behavioural phenotypes that occur due to neurodegeneration in hippocampus. B\[a\]P can easily cross the BBB to forms a stable complex and accumulates in different regions particularly in the striatum, hippocampus and cortex causing neuronal and glial disorders \[[@bib0050],[@bib0055]\]. The Golgi-Cox staining methods we followed in the present study provide a clue towards the neuronal degeneration in hippocampus leading to plasticity \[[@bib0280]\]. Quantification of dendrite structure in this study showed that, in adult rats at PND60, a significant reduction in dendrite spine density occurred due to early adolescence exposure to B\[a\]P. The higher doses of B\[a\]P can function to regulate mature spine morphology and behavioral phenotype like anxiety-related and depression-related learning behavior. This study proves to be a novel concept suggesting that B\[a\]P has direct action on developing neuronal cells with consequences on brain maturation and development during early adolescences, inducing anxiolytic like behavioral alteration and neuromorphological changes in hippocampus with serious neurological disorders in the male wistar adult rats.

5. Conclusion {#sec0150}
=============

In conclusion, early exposure to B\[a\]P during neonatal brain development can cause delayed neurobehavioral impairments in a dose dependent manner in adult male wistar rats. This results provide an additional evidence for effects of B\[a\]P like polycyclic aromatic compounds during development to assess the neurotoxicity of exposure following the technique of early administration (i.p.) of B\[a\]P which can help in overcoming the difficulty experienced in assessing the cytotoxicity to know the real consequences of cellular metabolism through liver functioning. The neurotoxic effects of B\[a\]P-induced altered neuronal morphology causing decreased dendritic population in hippocampus may lead to learning and memory impairment in adulthood. Further work will be needed to elucidate whether these alterations in neuronal spine structure and density are contributing directly to behavioral deficits during development.
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